Purpose Glenoid bone stock and morphology and rotator cuff muscle quality and tendon integrity affect the outcome of total shoulder arthroplasty. We hypothesized that glenoid bone loss correlates with rotator cuff muscle fatty infiltration (FI), tendinopathy, and atrophy. Design Forty-three 3-D CT scans and MRIs of 43 patients (mean age 62 years; SD 13 years; range 22-77 years) referred for primary shoulder pain were evaluated. Measurements of glenoid bone stock, version, and posterior humeral subluxation index (HSI) were assessed on an axial CT image reconstructed in the true scapular plane. Measurements utilized the Friedman line to approximate the pre-pathologic surface. Glenoid morphology was assigned by modified Walch classification. Rotator cuff FI, atrophy, and tendon integrity were assessed on corresponding MRIs. Results There was a very strong negative correlation between increasing glenoid version and HSI (r = − 0.908; p < 0.0001). There was a moderately negative correlation between anterior bone loss and HSI (r = − 0.562; p < 0.0001) and a moderately positive correlation between posterior bone loss and HSI (r = 0.555; p < 0.0001). Subscapularis muscle FI correlated moderately with increased anterior and central bone loss and increased humeral head medialization (r = 0.512, p = 0.0294; r = 0.479, p = 0.033; r = 0.494, p = 0.0294, respectively). Inter-observer reliability (intra-class correlation coefficient [ICC] and kappa) was good to excellent for all measurements and grading. Conclusion Glenoid anteversion and anterior and posterior bone loss are associated with varying HSI. Subscapularis muscle FI, not tendon integrity, correlates to anterior and central glenoid erosion. The study adds evidence that neither rotator cuff tendinopathy nor muscle atrophy exhibits a significant relationship to HSI.
Introduction
Shoulder osteoarthritis (OA) is a significant source of morbidity, present in up to 32.8% of patients over the age of 60 years [1, 2] . In 2013, the total medical expenditures and earning losses attributable to OA (of all joints) were estimated at $303.5 billion in the USA [3] . Contributing to these medical expenditures is the number of patients undergoing arthroscopic resurfacing, total anatomic (or traditional) shoulder arthroplasty (TSA), reverse shoulder arthroplasty (RSA), or hemiarthroplasty (HA). In 2011, about 66,485 patients underwent shoulder arthroplasty with 21,692 cases of RSA; 29,359 TSA; 15,434 HA and the utilization of these interventions has continued to increase yearly [4, 5] .
Studies have shown association of factors, such as glenoid retroversion, and rotator cuff muscle atrophy with poor clinical outcomes including premature hardware loosening and recurrent subluxation of the prosthetic humeral head following anatomic TSA [6, 7] . The relationship between both soft tissue and preoperative bone pathologies was recently assessed by Donohue et al. who found an association between high-grade rotator cuff muscle fatty infiltration and more severe modified Walch classification subtype, increased joint-line medialization, and increased glenoid retroversion [8] . However, the full spectrum of Walch classification was not studied and inter-rater performance was not assessed.
In the light of above literature, considerable gaps in knowledge still exist. The relationships between glenoid bone stock, bone loss, and pre-surgical humeral head subluxation index (HSI) and rotator cuff tendon tears or rotator cuff muscle fatty infiltration and atrophy has not been defined. Different variants of glenoid morphology, as illustrated by the commonly used Walch classification, and its association with rotator cuff pathology need further assessment.
The goal of the present study is to assess the relationship of dynamic soft tissue and static bony stabilizers of the glenohumeral joint in the setting of OA using 3-dimensional CT (3DCT) and MRI prior to the joint replacement. We hypothesized that the severity of glenoid bone loss correlates with full thickness or higher grade rotator cuff tendon tears on imaging and with worsening severity of fatty infiltration and atrophy of the rotator cuff musculature.
Methods
This was a cross-sectional study performed in compliance with HIPAA regulations and was approved by our tertiary care institutional review board. Informed consent was waived due to the retrospective nature of the study. The 3DCT scans of 418 shoulders in 398 patients who presented with a primary complaint of shoulder pain were reviewed. Only shoulders with primary glenohumeral OA and concurrent CT and magnetic resonance imaging (MRI) were included in the study. Patients with MRI obtained greater than 3 months after CT were excluded from the study. Shoulders with evidence of current or recent trauma (either fracture or soft tissue injury), evidence of history of prior surgery for rotator cuff repair or arthroplasty, inflammatory arthropathy, or osteonecrosis were excluded from the study. Of the 418 shoulders reviewed, 43 shoulders of 43 patients met inclusion criteria ( Fig. 1 ). There were 21 male and 22 female patients with a mean age of 62 years old (range 22-77 years of age; SD 13 years).
Imaging and slice reconstructions
All CT scans were obtained at the patient's index presentation with the arm at the patient's side, palm facing up, and the shoulder in external rotation with beam collimation of 0.6 mm (isotropic resolution) to facilitate 3D reconstruction and proper assessment of humeral head subluxation. The scans were obtained on multislice (64-256 slice) scanners using automated iterative reconstruction with low radiation dose profile (KVp = 100-120 and mAs = 250-300). All scans included the entirety of the scapula. The scans were uploaded into Aquarius iNtuition, a CT image 3D reconstruction software (TeraRecon, v.4.4.13.P2.; Foster City, CA). The shoulder MRI scans were obtained on 1.5T (26 patients) and 3T (17 patients) scanners. Standard protocols with multiplanar intermediate weighted scans (TR = 3500-4500 ms, TE = 35-45 ms, slice thickness 3.5-4.0 mm, frequency elective fat suppression) with and without fat suppression in all three orthogonal orientations were obtained using a multi-channel shoulder coil in the supine position.
Images without fat suppression were used for assessment of fatty infiltration. 
Bony measurements
Prior to the acquisition of measurements, scans were reconstructed in the scapular plane, defined by the inferior angle, scapular trigonum, and glenoid midpoint as previously described [8] . All CT measurements were made on an axial slice perpendicular to the scapular plane at the level of the junction of the base of the coracoid and spine of the scapula. Two trained 4th year medical student readers under the supervision of an experienced, board-certified, musculoskeletal fellowshiptrained radiologist obtained the measurements for inter-reader analysis. Initial training included 10 cases with different measurements. After training, these cases were repeated and included in the final data set. Random checks were later performed by the same radiologist for consistency of the measurements. Intrareader measurements on all the 43 cases were again repeated by one of the students blinded to the initial measurements, 3 weeks after the initial measurements were completed.
Each case was classified according to glenoid morphology in accordance with the criteria as detailed in the modified Walch classification system [9] . The assignment to each class was performed by both independent reads and consensus reading by two experienced, board-certified, fellowshiptrained musculoskeletal radiologists.
Glenoid version was measured by the Friedman line method, as this method was found to have greater inter-reader reliability than the popular scapular body method [10] . A line perpendicular to the Friedman line, the line connecting the medial border of the scapular body and midpoint of the glenoid fossa, was first placed ( Fig. 2a ) [10] . Version was measured as any angular deviation in the line connecting the anterior and posterior endpoints of the glenoid fossa from the Friedman line, with anterior wear representing anteversion, and posterior wear representing retroversion. Bone loss was measured by placing a line perpendicular to the Friedman line at the most lateral edge of the glenoid fossa, thus approximating the native, or paleoglenoid, surface. When osteophytes were present, the axial slices above and below the junction of the base of the coracoid and spine of the scapula were analyzed to determine the true paleoglenoid surface; these cases were confirmed by the experienced, board-certified, fellowship-trained musculoskeletal radiologist above. Measures of bone loss were taken at 5 mm from the anterior and posterior edges of the glenoid rim, and the glenoid center point (Fig. 2b ). Humeral head medialization was measured at the apex of medialization relative to the paleoglenoid line (Fig. 2b) . The depth of the glenoid vault was measured as the depth from the surface of the glenoid fossa at the glenoid midpoint to a line at the junction of the spinous process and glenoid ( Fig. 2c ). HSI was measured as described by Walch et al. with minor modification [11] . Rather than measuring the diameter of the humeral head at the medial 1/3 of the humeral head, we measured the diameter of the circle of best fit corresponding to the humeral head articular surface to reduce variability due to the level or subjectivity in determining the medial 1/3 point. Because inter-reader consensus has been less than initially reported using this method in numerous studies, we ensured proper positioning of region of interest measurements in all shoulders as above [12, 13] . Using Mose rings, a curve of best fit was applied to the articular surface of the humeral head at the level where our other were measurements taken. HSI was then calculated using the Mose ring of best fit in the fashion proposed by Walch et al. [11] . (Fig. 2 ).
Rotator cuff tear and muscle grading
All rotator cuff scoring was performed independently by the above two board-certified, musculoskeletal fellowship-trained radiologists on a PACS (picture archiving and communication system, iSITE, Philips, Best, Netherlands) workstation. Rotator cuff tendinopathy and tears were graded on oblique coronal and sagittal fat-saturated proton density (PD) MR images as follows: the normal tendons received a score of 0; tendinosis or low-grade ( < 50%) partial-thickness tears, 1; high grade ( > 50%) partialthickness or full-thickness partial width tears, 2; and full-thickness, full-width tears, 3. Rotator cuff muscle fatty infiltration was graded according to criteria detailed in the Goutallier classification [14] . Rotator cuff muscle atrophy was evaluated on oblique sagittal non-fat-saturated PD MR images according to the classification of Warner et al. [15] . Medial to the level of coracoid process, where a Y view is formed, a line is drawn from the edge of the coracoid to the inferior scapular tip, from the inferior tip of the scapula to the scapular spine at the junction of infraspinatus muscle and posterior belly of the deltoid muscle, and from the tip of the scapular spine to the coracoid process ( Fig. 3 ). The grading system for atrophy was as follows: no atrophy = muscle completely fills its fossa, and the outer contour is convex; mild atrophy = muscle's outer contour is flat compared with its fossa and is even to the line; moderate atrophy = muscle's outer contour is concave into the fossa below the line; and severe atrophy = muscle is barely apparent in its fossa.
Statistical analysis
Weighted Kappa, simple Kappa, and intra-class correlations were used to assess the inter-reader agreements when appropriate. Inter-reader agreement was classified as excellent (> 0.80), good (0.61-0.80), moderate (0.41-0.60), fair (0.20-0.40), and poor (< 0.20) using 95% CI (confidence intervals). All measurements were averaged across all reads. Kruskal-Wallis tests were used to test the difference in the CT measurements among different Walch categories. Pearson correlation coefficient between the CT measurements and MR measurement was calculated. Bonferroni correction was used for multiple comparisons. All analyses were done in SAS 9.4 (SAS Institute Inc., Cary, NC).
Results

Types of glenoids and intra-reader and inter-reader reliability
Of the 43 shoulders reviewed, there were 9 A1, 13 A2, 1 B1, 7 B2, 3 B3, and 10 D Walch type glenoids. The intra-observer reliability of all measurements was near perfect with all ICC greater than or equal to 0.97 (lower limit of 95% CI greater than 0.938) ( Table 1) .
The inter-reader reliability of glenoid version was excellent with ICC of 0.88 (95% CI, 0.79-0.93). Anterior bone loss, central bone loss, and humeral head medialization showed good reliability with ICCs of 0.78, 0.69, and 0.78, respectively (95% CI 0.61-0.87; 0.50-0.82; 0.64-0.87). Posterior bone loss showed good inter-reader reliability, ICC 0.76 (95% CI, 0.59-0.86), and HSI was excellent with ICC of 0.94 (95% CI, 0.90-0.97) ( Table 2 ). The inter-reader reliability of Walch classification, rotator cuff muscle fatty infiltration grading, and rotator cuff muscle atrophy were all good to excellent. The reliability of assessing the severity of rotator cuff tendon tears was good with ICCs ranging 0.60-0.71. (Table 2 ).
Glenoid morphology, measurements, and bony correlations
Glenoid version differed significantly (p = 0.00077) between the modified Walch classes with significantly greater anteversion in D type glenoids (median, 11.63°a nteversion; standard deviation, 10.01°) than A1, A2, and B2 glenoids. Similarly, D type glenoids had significantly greater anterior bone loss (median, 5.99 mm; standard deviation, 2.09 mm) compared with all other Walch classes (p = 0.0148). Type D glenoids also showed significantly decreased HSI compared with other modified Walch classes (p = 0.011; median, 0.44; standard deviation 0.12) ( Table 3 ). Type B3 glenoids exhibited significantly greater retroversion, central and posterior bone loss, humeral head medialization, and HSI compared with other classes, but were excluded from analysis due to low number found in the patient sample (n = 3).
There was a strong positive correlation between glenoid anteversion and anterior bone loss (r = 0.645; p < 0.0001) and a moderate negative correlation between glenoid retroversion and posterior bone loss (r = − 0.613; p < 0.0001). There was a moderate negative correlation between anterior bone loss and HSI (r = − 0.562; p < 0.0001) and a moderate positive correlation between posterior bone loss and HSI (r = 0.555; p < 0.0001). There was a very strong negative correlation between increasing glenoid anteversion and HSI (r = − 0.908; p < 0.0001).
Glenoid shapes, measurements, and correlations with rotator cuff pathology
No difference was found in rotator cuff muscle fatty infiltration and atrophy scores or tendon tear severity between the modified Walch types (Tables 4 and 5 Goutallier's score in the subscapularis muscle correlated moderately with increased anterior and central bone loss as well as increased humeral head medialization (r = 0.512, p = 0.0294; r = 0.479, p = 0.033; r = 0.494, p = 0.0294, respectively) ( Tables 4 and 5 ).
Discussion
The present study sought to evaluate the relationships between pathologic changes in the glenoid bone stock and rotator cuff muscle and tendon pathology, both qualitatively and quantitatively. It should be noted the study sample included 10 Walch D glenoids, a relatively large number of this less common morphology. The Walch D is defined by Bercik et al. as being anteverted (≥ 5°) with anterior humeral head subluxation [9, 16] . Based on these criteria, we found 10 of the glenoids studied to be Walch D. The relatively high incidence of this morphology may be due to the patient population studied, all of whom were treated by a well-known shoulder surgeon whose practice may attract more advanced shoulder pathology. The inclusion of these 10 Walch D glenoids yields significant findings not reported in previous literature which did not report on Walch D glenoids [8] . Our study cohort did however not have sufficient numbers of B1, B2, or B3 glenoids to corroborate or add to published findings regarding these morphologies [8] .
Intra-observer reliability of the proposed glenoid bone loss protocol was near perfect, likely owing to its similarities to the Friedman line method of measuring glenoid version, which has been found to have similarly exceptional reliability [10] . Inter-observer reliability was good to excellent for all measurements performed, again, similar to published results [10] . The reformatting of images to the scapular plane and measuring on axial slice perpendicular to that plane likely contributed to the high reliability of this method, as did the use of a standardized level in the axial plane for measurement [17] . This validates 3DCT as an excellent imaging method for evaluation of such parameters.
The relationship between the glenoid version and HSI remains controversial. Despite prior studies [18, 19] suggesting that there is no relationship between glenoid version and humeral head subluxation in patients with posterior shoulder instability, we found increasing anteversion related to decreasing HSI (p < 0.0001). This finding is supported by other studies demonstrating the relationship between glenoid anteversion and frank anterior dislocation of the shoulder [20, 21] . In addition, we found anterior bone loss correlating to decreased HSI (p < 0.0001). Though we did not find a direct correlation between glenoid retroversion and increasing HSI, there was a correlation between glenoid retroversion and posterior bone loss (p < 0.0001) and a second relationship between posterior bone loss and HSI (p < 0.0001). Thus, glenoid retroversion appears to be indirectly related to increasing HSI.
We found that the HSI did not correlate to worsening rotator cuff muscle fatty infiltration, atrophy, or tendinopathy (p > 0.80 in all comparisons). Only glenoid anteversion, anterior bone loss, and posterior bone loss exhibited any direct Fatty infiltration of the subscapularis muscle correlated moderately with humeral head medialization and anterior and central glenoid bone loss. More severe tears of the teres minor tendon were moderately associated with decreased glenoid bone stock The correlations between fatty infiltration of the subscapularis muscle and humeral head medialization, anterior and central glenoid bone loss were significant. There was also a significant relationship between severity of teres minor tendon tears and depth of glenoid bone stock. All other relationships were not statistically significant relationships to HSI. It would appear then that actual glenoid bone loss or malorientation is more responsible for anterior and posterior humeral head subluxation rather than rotator cuff pathology. This is keeping with the physiology of the glenohumeral joint. The primary mechanism by which the humeral head is centered within the glenoid cavity is the principle of concavity-compression [22] . As such, any anterior or posterior bone loss alters the concavity of the glenoid cavity and thus, static destabilization, especially those decreasing the depth and curvature, increases the likelihood of decentering of the humeral head. Indeed, multiple reports have been made of the impact of anterior bone loss and frank anterior shoulder dislocation [20, 21] . Our findings support these prior findings in adding additional evidence that it is glenoid bone loss that correlates most directly with pathologic humeral head subluxation, both anteriorly and posteriorly. However, it should be noted that our results are applicable to middle aged and older population deemed to undergo shoulder replacement. We did not study the spectrum of rotator cuff pathology as it pertains to a younger population. We also found significant relationships between fatty infiltration of the subscapularis muscle and anterior and central glenoid bone loss. The cross-sectional design of our study is insufficient to determine the temporal sequence of muscle atrophy versus bone loss. However, infants born with obstetric brachial plexus lesions commonly exhibit internal rotation contracture, posterior glenoid bone loss, and posterior subluxation as a result of imbalanced forces secondary to posterior rotator cuff weakness or paralysis [23, 24] . Our results, with increased anterior and central bone loss correlating to fatty infiltration, and hence weakness, of the subscapularis muscle may suggest a similar but opposite imbalance of forces. The relationship between anterior rotator cuff muscle weakness and anterior and central bone loss suggests a possible utility in targeted pre and post-operative strengthening of the subscapularis. However, additional studies are required to determine if this muscular atrophy is an independent factor affecting the outcome of TSA.
It is possible that our inclusion criteria, not limited to patients with posterior instability, resulted in a patient population with different glenoid characteristics than previously studied. Indeed, prior studies typically only included patients with pathologic retroversion, not anteversion. Most likely, however, the method used in our study to measure HSI was less affected by the level at which it was measured than the technique used in prior studies. The use of a circle of best fit, approximated to the articular surface of the humeral head, yields a circle of identical radius regardless of the level it is measured, except for any manual error. Thus, this technique allowed for measurement of subluxation unaffected by level, which likely explains our observation of relationship between glenoid version and humeral subluxation where prior studies have not.
The other limitation of this study remained our small sample size. The limited number of B1, B2, and B3 glenoids prohibited statistical analysis of these glenoid morphologies. However, we wanted to study both CT and MRIs in the same patients to evaluate both static and dynamic stabilizers of the shoulder joint, which has not been done previously. The inclusion of patients with only CT scans would have increased sample size, and using published protocols, information on the rotator cuff muscles could have been obtained, but we thought it prudent to include tendinous integrity to examine all possible anatomic effectors of shoulder stability and wear simultaneously, despite reduced sample size, to avoid misinterpreting any potential relationships [25, 26] . We were also limited by the cross-sectional nature of the study. A prospective study analyzing the natural course of glenoid wear in the setting rotator cuff pathology would be necessary to fully assess the temporal sequence of pathologic change and causality.
Conclusion
In conclusion, the proposed measurement protocol is a reliable and valid method of quantifying glenoid bone loss. Increasing glenoid anteversion and anterior glenoid bone loss correlates to increased anterior humeral subluxation. Conversely, posterior bone loss correlates to increased posterior humeral subluxation. Humeral head subluxation is not significantly affected by rotator tendinopathy or muscle atrophy. However, fatty infiltration of the subscapularis muscle is correlated with increased anterior and central glenoid bone loss. Further studies are required to determine the temporal sequence of events in glenoid bone loss and subscapularis fatty infiltration and whether or not subscapularis atrophy and/or strengthening could serve as independent prognostic factors affecting TSA outcomes.
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